There are strong reasons to suspect that glare sensation varies with the time of day. This study was designed to test whether such a relationship exists. Thirty subjects were exposed to an artificial light source four times of the day. The source luminance was progressively increased and subjects were required to give glare sensation votes corresponding to the level of visual discomfort experienced. Glare indices were calculated for every reported glare sensation vote, and the results were statistically analysed. The findings indicated a tendency towards greater tolerance to luminance increases in artificial lighting as the day progresses. This trend was found not to be statistically related to the possible confounding variable of learning, providing evidence of an effect of time of day on glare sensation.
Introduction
Several indices have been published in the scientific literature and in international standards to describe the subjective perception of discomfort glare experienced by observers. 1 However, if a large number of subjects were to be asked to give their impression of visual sensation from different light sources characterised by similar glare indices, and votes were plotted on a graph, the results would show a large scatter. 2 This suggests that there is personal variability in the perceived level of visual discomfort, and that there could be other variables that influence glare sensation beyond the four typically embedded in glare index (GI) formulae: (1) source luminance, (2) source size, (3) background luminance, and (4) position index. The following studies have investigated some of the additional factors that can potentially influence the subjective perception of discomfort glare and that may be linked to the above-mentioned scatter in plotted results.
In a laboratory experiment, Tuaycharoen and Tregenza 3 analysed the relationship between the content of the view and the perceived level of visual discomfort, finding that the information contained within an image judged as 'interesting' can influence the tolerance of discomfort glare. Further studies have shown that this effect is also present in a real window. 4, 5 A field study in office environments by Kuhn et al. 6 showed that glare was more frequently reported by older occupants, while Pulpitlova and Detkova 7 detected a higher tolerance to discomfort glare in Japanese than in European subjects. These findings suggest that there could be age and ethnic differences in visual perception.
The relationship between individual variation in light sensitivity (photophobic vs. photophilic subjects) and the occurrence of glare has also been investigated. 8 However, a controlled laboratory experiment found that differences in light sensitivity were not associated with the source luminance or source size. Rather, factors linked to the manifestation of glare phenomena were behavioural and task related, for example due to continuous changes in position index. 9 The literature also shows that variables other than objective photometric quantities could be taken into account to predict the reported level of visual sensation.
Among others, in a field test, Altomonte 10 found that, during early morning in winter, daylight exposure and contrast ratios from an East-facing office window could cause visual discomfort, although the occupant reported no glare and had no desire to close the venetian blinds. However, at the same time in summer, regardless of the absence of obvious glare sources, the blind was drawn by the user. An interview with the occupant revealed that, in winter, abundant morning daylight ingress was preferred to feel awake at the start of the day, while, in summer, sufficient luminous stimulation had already occurred before entering the office for triggering metabolic 'non-visual' processes, including neuroendocrine (i.e. melatonin suppression) and neurobehavioral (i.e. subjective alertness) responses. 11 The term 'non-visual' is used in this paper to refer to the relatively recent results of photobiological research that have demonstrated that lighting stimuli, as well as providing vision and spatial/colour perception, also have a metabolic effect that regulates circadian processes and is responsible for hormonal regulation. 12 Nevertheless, not enough is yet known about the physiological and psychological basis of discomfort glare, 13 nor have 'subjective' variables been consistently considered by standards and regulations, which are still largely based on conventional glare indices. Differences in visual response linked to temporal variables (e.g. seasonal, daily, and also on a shorter time scale) are yet to be comprehensively investigated.
14 Indeed, no record was found in the literature of a systematic analysis of the effect of time of day on the reported level of discomfort glare. However, there have been several studies looking at how light influences the nonvisual system at different periods of the day. Among these, Andersen et al. 15 showed that the non-visual effects of light can be either beneficial or detrimental depending on when the observer is exposed to the luminous source. Studies by Cajochen et al., 16 Zeitzer et al., 17, 18 and Phipps-Nelson et al. 19 have indicated that the illuminances at the eye required to trigger non-visual responses are significantly different between daytime and biological night. Mardaljevic et al. 20 proposed a framework built upon the literature, suggesting that -at various times of the day during the 24-hour cycle -different responses in the visual and metabolic systems are triggered from light exposure. In essence, the reviewed literature provides strong reasons to believe that the photoreceptive system responsible for metabolic stimulation presents changes over time. Although there is currently not sufficient evidence to demonstrate that the two systems are linked, it can be hypothesised that the visual discomfort system may exhibit similar temporal variations to the nonvisual one. In response to this hypothesis, this study was set to investigate whether an effect of time of day could be detected on the reported level of glare sensation.
Method

Apparatus
To answer the research question posed in this study, an experimental test was designed. First of all, the four variables found in most conventional glare indices needed to be controlled. Then, all parameters that -from the literature -are alleged to influence discomfort glare, but that are not included in GI formulae, needed to be isolated. Along with this, all extraneous variables needed to be 'masked' within the experiment. It was anticipated that this would reduce the large scatter found when evaluating subjective responses to discomfort glare, hence increasing the possibility of revealing factors that might influence glare sensation, but that have not yet been tested.
In order to verify whether an effect of time of day on the reported level of discomfort glare could be detected, a laboratory experiment under artificial lighting conditions was considered appropriate. This was based on the hypothesis that if the influence of time of the day on discomfort glare cannot be identified under controlled conditions, it is unlikely that this effect can be isolated using daylight from a real window, where several parameters would be continuously changing with time.
An initial pilot study involving eight subjects provided useful feedback to fine tune the experimental setup and methodology, and consolidate the research hypotheses.
The design of the apparatus ( Figure 1 ) was informed by the study conducted by Tuaycharoen and Tregenza, 3 which used this setup to investigate the influence of 'interest' of view on discomfort glare.
The chamber was semi-hexagonal in plan, the interior surfaces (2.7 m in height) were painted matte white, and three 3 W LED lamps, mounted above, were used to produce 65 cd/m 2 background lighting and maintain a constant luminance distribution.
The shape and size of the cubicle was designed to cover the entire field of view for binocular vision, spanning from 608 left to 608 right, and from 538 above to 678 below, relative to the line of sight. 21 The subjects' eye position was placed at a height of 1.2 m from the floor and at the centre of the apparatus, facing two light sources: On the direct line of sight to the centre of the middle cubicle, a small diffusing screen made from two sheets of tracing paper (0.08 Â 0.04 m 2 ) was mounted in front of a projector connected to a computer; and, at an angle of 308 to the left of the line of sight, a small reference glare source was located (60 W LED). Considering that conventional glare indices for artificial lighting are designed to deal with small sources below 0.01 sr, 22 the projector created a condensed source of glare on the small diffusing screen, subtending an angle at the eye of 0.009 sr and providing a variable The additional reference glare source was connected to a dimmer directly controlled by the subject. Experimental conditions were kept constant throughout the testing, with the only difference being represented by the variation of the luminance of the small diffusing screen.
Procedure
The experimental procedure was designed so that all parameters known to influence discomfort glare -i.e. source luminance and size, background luminance, position index, luminance distribution, visual task, view, and source uniformity -were controlled, while the testable variable (time of day) was varied. Since no established methodology could be found in the literature to detect a potential effect of the time of day on the reported level of visual discomfort, the framework used by Mardaljevic et al. 20 to describe how the nonvisual system responds to light was adopted for this experiment. The experimental procedure requested subjects to participate, on the same day, in four test sessions evenly distributed at 3-hour intervals: Subjects could elect whether to participate to the sequence of test sessions starting at 09:00 or rather at 09:30. Conducting two sequences of experimental sessions per day allowed minimising the total testing time, therefore reducing the potential influence of seasonal changes in daily lighting patterns on visual response, which could become relevant when testing a large number of subjects. Besides, the pilot study had revealed no significant differences in results if intervals between test sessions were lower than 1.5 hours, thus a difference of 30 minutes between sessions was considered sufficiently guarded from any temporal discrepancy in collecting results from different subjects.
An interval of 3 hours between test sessions was deemed adequate to monitor the response of subjects on a free-running day and prevent disruption from the subjects' daily routine, which could potentially influence glare response. However, it was contemplated that maintaining the same sequence of test sessions for all subjects could potentially mask an effect of learning into the design procedure. Indeed, Hopkinson 23 hypothesised that a less experienced subject would not be able to interpret the meaning of discomfort glare descriptors in a consistent manner. To address this issue, a follow-up study to the main experiment was designed and conducted in order to ascertain the eventual influence of learning on the results obtained.
According to the literature, discomfort glare is a personal sensation that requires subjective evaluation methods. 24 Therefore, during the tests, subjects were asked to make judgements of glare sensation utilising as benchmark adaptations of the glare sensation votes (GSVs) used by Iwata et al., 25, 26 Iwata and Tokura, 27 and Mochizuki et al. 28 These are glare indices corresponding to a sensation of visual discomfort that subjects experience: 'Just Perceptible', 'Just Noticeable', 'Just Uncomfortable', and 'Just Intolerable'. Since it was considered that each criterion could be open to self-interpretation due to the abstraction caused by the assessment -and potentially increase scattering of responses -to aid subjects giving more meaningful judgements, the GSV criteria were linked with time-span descriptors. 22 At the beginning of the test, the subject was asked to adjust the stool so that their head was properly located at the viewing position. A clear set of instructions was then given, including a definition of discomfort glare, the meaning of the four GSV criteria, and a description of how the experiment would run. To confirm that subjects had a proper understanding of the four GSV criteria, they were asked to look at the reference glare source and to adjust its brightness by using a dimmer located by their seat, so that the glare sensation produced was assessed as, progressively, 'Just Perceptible', 'Just Noticeable', 'Just Uncomfortable', and 'Just Intolerable'. The subject was then asked to direct their gaze towards a fixation point located at the centre of the small diffusive screen and to imagine that this represented a visual task in the field of view. The luminance of the screen was then incrementally increased, at a controlled and constant pace, by the experimenter via a computer connected to the projector. Throughout the procedure, the subject was asked to vocally indicate when the sensation of discomfort glare due to the brightness of the diffusive screen became, respectively, 'Just Perceptible', 'Just Noticeable', 'Just Uncomfortable', and 'Just Intolerable'. The photometric values at which each GSV occurred were recorded. Each test session lasted around 10 minutes.
Photometric measurements
and glare indices Before the start of the experiments, photometric measurements were taken from the subjects' eye position using a Minolta LS-110 luminance meter mounted on a tripod. The mean background luminance was calculated from 17 individual measurements taken on a regular grid symmetrical about the central fixation point and extending across the width of the cubicle. The mean background luminance was held at 65 cd/m 2 throughout the experiment, since this value is within the range commonly found in interior spaces. 29 The luminance of the small diffusing screen was evaluated using point measurements. The source luminance was progressively increased using the relative brightness function of an image editing software, which was operated from a computer linked to the projector. In order to achieve precise luminance outputs in repeated procedures, the projector had to be calibrated. The relative brightness was adjusted at evenly distributed intervals and spot point measurements were taken at each interval. Luminance values were then interpolated using a polynomial function to obtain values between the calibrated luminance data points.
To be consistent with the literature 1,2 and the described experimental design, glare indices were used in this study as primary evaluation parameters. Among others, Tuaycharoen and Tregenza 3,4 used the unified glare rating (UGR) and the GI to test the hypothesis that bright images that subjects find interesting are associated with a lower degree of discomfort glare than other sources with the same GI. In this paper, the Illuminating Engineering Society Glare Index (IES-GI) -a glare formula commonly found in lighting codes (equation (1)) 30,31 -has been used to objectively quantify subjective assessments of discomfort glare from an artificial lighting source. Results were calculated also utilising the UGR GI formula (equation (2)) and they were found to follow the same trends of the IES-GI. For this reason, results obtained using the UGR have not been reported in this paper.
IES-GI
where L s is the source luminance (cd/m 2 ), L b is the background luminance (cd/m 2 ), o is the subtended size of the source (sr), and P is the position index.
Both the IES-GI and the UGR carry high, although differently weighted, exponentials for source luminance, a parameter that has been found to be very strongly correlated to the experience of glare sensation. 9 The sensitivity of these glare indices to changes in Discomfort glare and time of day 645 source luminance makes them suitable to detect the effect of time of the day in the experiment. In fact, since glare indices are well-tested tools, any variability within the index corresponding to the GSVs provided by subjects will justify a conclusion that there is a factor, other than the parameters embedded within the formula itself, which is influencing glare sensation.
3 Results and discussion 3.1 Experiment I: Discomfort glare and time of day A total of 30 test subjects volunteered to take part in the experiment. Membership of the group was tightly controlled. All participants were 5th year architecture students, 17 men and 13 women, the mean age was 24.10 (standard deviation (SD) ¼ 3.21), 10 wore corrective lens, two stated not to have normal colour vision, and six reported vision problems. Figures 2 to 5 plot the log luminance (cd/m 2 ) of the small diffusive screen at which each subject reported GSV of, respectively, 'Just Perceptible' (Figure 2) , 'Just Noticeable' (Figure 3) , 'Just Uncomfortable' (Figure 4) , and 'Just Intolerable' ( Figure 5 ). On the x-axis, the values present the test sessions corresponding to the time of the day at which votes of glare sensation were reported. In Figures 2 and 3 , the Identity (ID) numbers of individual test subjects are indicated next to outliers and extreme scores. For all figures, there is a tendency for the statistical values (e.g. 25th percentile, median, 75th percentile) to correspond to higher levels of source luminance as the day progresses.
Both the IES-GI and UGR glare indices corresponding to the luminance values at each GSV reported by test subjects were calculated for each time of the day. To analyse the data, a Friedman's analysis of variance (ANOVA) A post-hoc analysis was then performed whereby all permutations between times of the day were compared against each other, and the statistical significance of the differences was calculated using a one-tailed Wilcoxon matched pairs test to determine exactly where the variations detected in the Friedman's ANOVA were. The Wilcoxon matched pairs test of significance was onetailed since the testable hypothesis consisted in verifying whether the perceived level of glare sensation triggered by the source luminance decreased at later stages of the day. The directionality of this hypothesis derived from the analysis of the results of the initial pilot study, which -under a two-tailed testsuggested a trend for an increased tolerance to discomfort glare as the day progresses. The experiment was blinded with respect to the testable hypothesis in both the pilot study and in the main experiment. That is, although participants were informed that they were required to attend multiple test sessions at different times of the day, they were not aware of the full aim of the study.
To counterbalance the experiment-wise error rate caused by the significance level inflating across multiple pairwise comparisons -which was calculated as: 1 -(0.95) n ¼ 0.26 (thus risking a 26% probability of making at least one Type I error), where n ¼ 6, i.e. the number of Wilcoxon tests carried out on the same data 33 -Bonferroni corrections were applied. For each statistical test, the effect size was also calculated. There are indeed several limitations with using such significance testing to infer the size (or relative impact) of the differences between sample groups. The main one is that the p-value depends both on the size of the effect and on the size of the sample. 34 Conversely, by placing the emphasis on the most important aspect of the analysis -that is the size of the effect (i.e. a standardised measure of the magnitude of the observed difference between sample groups) and not just its statistical significance (which confounds effect size and sample size) -the effect size shows if the predictor variable has any practical significance and thus provides a more rigorous support to inferences. 35, 36 In this study, the effect size was calculated by making use of equivalence between the standardised measure of the observed difference and the Pearson's coefficient r, extracting the z score test statistic from the Wilcoxon tests according to the following formula 33 (equation (3))
where N is the number of observations. The interpretation of the outcome was derived from the tables provided by Ferguson, 37 where conventional values have been proposed as benchmarks for 'small' (recommended minimum effect size representing a practically significant effect), 'moderate', and 'strong' effects sizes (r ! 0.20, 0.50, and 0.80, respectively). Tables 1 to 4 report the mean and SD for the IES-GI values calculated based on the lighting values recorded when a GSV was reported by the test subjects -for all times of the day, the differences (ÁM) between the means for each pairwise comparison and their statistical significance, the effect size, the numbers for (positive) and against (negative) the hypothesis, and the ties.
The results indicate that the IES-GI shows a tendency to increase at later times of the day. The Wilcoxon matched pairs tests provide evidence that the differences between glare indices calculated at different times of the day are highly significant (p 0.00016) in nine out of 24 cases, significant (p 0.0016) in one case, weakly significant (p 0.008) in seven cases, and not significant in seven cases. The differences detected have a generally For the GSV criteria of 'Just Perceptible' and 'Just Noticeable', the data indicate that the differences in the IES-GI values increase when looking at variations between earlier and later times of the day. As an example, for the criterion of 'Just Noticeable' ( With Bonferroni correction: *p 0.008; **p 0.0016; ***p 0.00016; n.s. not significant. Therefore, from the statistical analysis of data, it can be inferred that the effect of time of the day on the sensation of discomfort glare is not uniform across the various GSV criteria of perceived visual discomfort. The statistical significance of variations and the effect sizes indicates that the differences appear to be more substantive when considering a larger time gap between sessions.
Figures 6 and 7 plot the logarithmic luminance (cd/m 2 ) of the small diffusing screen at which each subject reported the various criteria of GSV, respectively, in the Morning and Afternoon A sessions ( Figure  6 ), and in the Morning and Evening sessions (Figure 7) . For both figures, the null hypothesis line is plotted along the diagonal of the graph, representing no difference between the source luminance corresponding to each GSV criterion reported by subjects at each session.
With reference to Figure 7 , although some GSV points are below the null hypothesis line -indicating higher luminance values for some subjects in the Morning session -the interpolated lines for each criterion of GSV are above it and at a larger distance from the null hypothesis line than those reported in Figure  6 . This suggests that subjects were able to tolerate higher levels of luminance in the Evening than in the Morning session, and with a larger difference in source luminance than that detected when comparing the Afternoon A to the Morning session. Morning Log Luminance (cd/m 2 ) Afternoon A Log Luminance (cd/m 2 ) Figure 6 . Comparison of results between the Morning and Afternoon A sessions Discomfort glare and time of day 651 would be plausible to hypothesise that subjects became more tolerant to glare with experience due to the sequence of the test sessions. For example, during the Morning session, subjects could have felt more anxious about the test, which may have made them more sensitive to the luminous stimulus. Although the pre-test procedure that each participant was asked to complete -where test subjects looked at a reference glare source, adjusting its luminous output by a dimmer -clearly minimised this risk, a follow-up experiment was designed to investigate whether the 3-hour interval between sessions masked the influence of learning, and to determine if differences in GSV could be detected over 2 consecutive days using the same test subject. To be consistent with the first experiment, repeated test procedures were used.
Experiment
A randomised design was rejected because of the impracticality of recruiting participants under a shuffled session sequence over multiple days and at variable times. The experimental setting and test procedure were thus identical to the first experiment.
Eight subjects volunteered to take part to this experiment, all doctoral students, varying in age, cultural background, and nationality. Each participant attended the original test sequence of four sessions equally spaced at 3-hour intervals on a chosen day and then the same procedure was repeated on a successive day. The timing of the sessions was as follows: Morning (09:00 or 09.30), Afternoon A (12:00 or 12:30), Afternoon B (15:00 or 15:30); Evening (18:00 or 18:30). Even in this case, subjects could choose to participate to the sequence of test sessions starting at 09:00 or at 09:30. To counterbalance the influence of confounding variables between the 2 days, fatigue, sleepiness, and metabolic stimulation (e.g. ingestion of food or caffeine) were The IES-GI index was calculated according to each GSV given by the test subjects at four times of the day. Consistently with the previous experiment, descriptive statistics showed a tendency for each GSV criterion to be reported at higher source luminances as the day progressed on both Day 1 and Day 2.
To examine the effect of learning, for all subjects the differences in GSVs over each test session were calculated on both days, and then compared across the two days. In other terms, statistical testing was performed so as to measure whether similar variations in tolerance to visual discomfort due to time of day could be detected over two days. For this experiment, only three differences between sessions were considered, i.e.: Afternoon A versus Morning, Afternoon B versus Afternoon A, and Evening versus Afternoon B.
Unlike the first experiment, a graphical and statistical inspection of the data revealed that the assumptions of normality of the sampling distributions and the homogeneity of variance were not violated. 32 Thus, parametric methods of analysis could be adopted for this study, also leading to more powerful tests than their non-parametric counterparts. 38 To make the analysis more sensitive in detecting the effect of experimental interest -i.e. the potential influence of learning in subjective responses to visual discomfort over several sessions on two consecutive days -an analysis of covariance was selected since confounding variables could not be controlled over the independent variable. 33 In particular, across the two days of testing participants frequently indicated different levels of fatigue, which was self-reported by subjects at each test session on a continuous analogue scale. Tests of homogeneity of regression slopes between the dependent variable (glare) and the covariate (fatigue) -that is the covariate has to have the same correlation with the dependent variable over the independent variable (time of the day) 33 -showed that this assumption was not violated. Tables 5 to 8 present, for every GSV criterion, the adjusted mean (M) and SD of the variations of the IES-GI index between the test sessions considered on each of the 2 days, the difference between the means obtained on Day 1 and on Day 2 (ÁM), the test statistic (F), the significance level (p-value), and the effect size in the form of partial-eta square (pZ 2 ), which represents the variance explained by the dependent variable and by the covariate that is not explained by other variables in the analysis. Again, the interpretation of the outcome was derived from Ferguson, 37 where conventional benchmarks have been proposed for 'small', 'moderate', and 'strong' effects sizes (pZ 2 ! 0.04, 0.25, and 0.64, respectively).
Visual inspection of the descriptive statistics data reveals that a general tendency towards larger variations of glare indices between the test sessions can be detected on Day 2, resulting in predominantly negative ÁM values between the 2 days, particularly at higher levels of visual discomfort ('Just Uncomfortable' and 'Just Intolerable'). The inferential statistics show that the differences detected are, for all comparisons considered, not statistically significant (p40.05), although this could have possibly resulted from the small sample size. However, calculation of effect sizes indicates that the practical relevance of the variations detected for the dependent variable (glare) is negligible (pZ 
Conclusions
The results from this study provide statistically significant evidence that there is a substantive influence of time of day on the level of glare sensation reported by test subjects within a controlled laboratory experiment. Also, from a graphical inspection of the data, Figures 2 to 5 show tendencies that GSVs are reported at higher levels of source luminance as the day progresses. In addition, Figures 6 and 7 confirm that differences in tolerance to luminance appear to be more evident when considering a larger time gap between test sessions. More fundamental questions concerned with why this effect is present were beyond the scope of this investigation.
This study verified that the effect of time of the day on the subjective level of visual discomfort is not likely to be brought on by any influence of learning or experience. Although some evidence of fatigue was present in the findings, the effect of confounding variables was not sufficient to draw any substantial conclusion, therefore requiring additional analysis to uncover the nature of their role.
When plots of GSVs were regressed, a large scatter was present in the results, as confirmed by the low coefficient of determination observed using a linear fit (Figures 6 and 7) . This is consistent with the literature [1] [2] [3] [4] 24 and suggests that, despite the efforts to control as many variables known to influence glare sensation as possible within the experimental design, there were further factors that appeared to cause individual variations in tolerance to luminance increases. Although it may not be feasible to completely eliminate the scatter commonly associated with subjective evaluation of glare sensation, individual differences may be mitigated if these are systematically identified. 9 Further to this, calculated glare indices were lower than what was expected on a conventional Hopkinson analogue scale. This suggests that participants may have had some difficulty in making informed reports of glare sensation due to the abstract nature of the source and the artificial setting. For future studies, a different measuring criterion will be used, so as to reduce the influence of self-interpretation and guarding the meaning of each glare criterion. On-going research by the authors is also testing the relationship between visual performance and the variation of subjective sensitivity to visual discomfort according to time of day and is looking at evaluating the influence of several other temporal and personal variables on individual glare sensation.
Lastly, findings from this study were derived from a laboratory setting, whereby several variables that could potentially influence the glare sensation were controlled or masked from the environment. The hypothesis that a potential effect of time of the day can be detected on the perceived level of discomfort glare from daylight coming from a window remains conjectural and requires further investigation. In this context, future research will look at the influence of temporal diversity on the evaluation of discomfort glare in side-lit occupied spaces (e.g. offices), analysing the possible consideration of time of day in comfort-based metrics (e.g. the daylight glare probability index 1 ), so as to allow a more holistic understanding of daylight performance in buildings.
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